1. Introduction {#sec1}
===============

The recent progress in the field of molecular medicine has identified several molecular markers involved in the regulation of the cell cycle as a target for prognosis and cancer treatment. Cell cycle is deregulated in human tumors, causing the absence of differentiation and aberrant cell growth \[[@B1]--[@B3]\]. The cell cycle includes cell division, differentiation, growth, and programmed cell death through apoptosis. The regulation of this process involves environmental stimuli that lead to the activation of cyclin-dependent serine/threonine kinases (CDKs), regulated by cyclins (CCNs) and inhibitors of cyclin-dependent kinases (CDKIs). The main phases regulated by CDKs are the DNA integrity control checkpoints, mediated by the retinoblastoma susceptibility gene suppressor (*Rb*), the tumor suppressor gene *TP53*, and transcription factors of the E2F family \[[@B4], [@B5]\].

So far nine CDKs and at least 15 CCNs have been identified \[[@B6]--[@B8]\]. The CDKs, proteins of 300 amino acids in length, are activated by a no covalent binding with specific cyclins triggering the transition between different phases of the cell cycle. The formation of the complex CCN/CDK is usually transient and is regulated by ubiquitin-mediated degradation. The CDKs are negatively regulated by endogenous inhibitors CDKIs. So far two families of inhibitors have been identified: the p21 and the p16 families. The p21 family includes p21/CDKN1A, p27/CDKN1B, and p57/CDKN1C \[[@B9], [@B10]\]. The p16 family includes p16/CDKN2A, p15/CDKN2B, p18/CDKN2C, and p19/CDKN2D \[[@B9]\]. The p21 family members interact with both CCNs and CDKs subunit, while members of the p16 family interact only with the CDKs \[[@B7]\].

2. Cell Cycle Regulators {#sec2}
========================

In [Figure 1](#fig1){ref-type="fig"}, an overview of the mammalian cell cycle is reported. The regulation of cell growth and division occurs in a precise sequential manner. It is dictated by the accumulation of CDK/CCN complexes and degradation of CCNs. Quiescent cells in G0 enter the G1 phase in response to external stimuli, such as mitogenic growth factors, or on the basis of internal needs. Cyclin D (CCND) binds to and activates CDK4 and/or CDK6, depending on the cell type. The complex CCND/CDK4 or CDK6 phosphorylates Rb. The cyclin E (CCNE) binds to and activates CDK2, resulting in phosphorylation of a different site on Rb. The E2F transcription factors (EF1--EF5) dissociate from the hyperphosphorylated form of Rb to activate the transcription of genes that promote S phase including the thymidylate synthase (TS), the dihydrofolate reductase (DHFR), and the DNA polymerase (POL) \[[@B11], [@B12]\]. From this point on, the cell has passed the "restriction point" and becomes committed to the progression in the cell cycle and independent of growth factors. CCNA and CCNE bind to CDK2 allowing the cell to proceed through the S phase. The complex CCNA/CDK2 facilitates the transition from the S phase to the G2 phase. The complexes CCNB/CDK1 accumulate in late G2 phase, necessary for the progression of the cell through the M phase \[[@B13]\]. Following completion of anaphase, CCNB is degraded, thus returning the cell to G1 state, which, in the presence of stimulation by growth factors, proceeds by successive cycles of cell division. CDC25 (A, B, and C) are also required for the activation of CDK complexes that control progression through the cell cycle. Activation of CDKs can be achieved through dephosphorylation by members of the CDC25 phosphatase family (CDC25A, CDC25B, and CDC25C). CDC25A plays an important role at the G1/S-phase transition. CDC25B undergoes activation during S phase and plays a role in activating the mitotic kinase CDK1/CCNB in the cytoplasm. Active CDK1/CCNB then phosphorylates and activates CDC25C, leading to a positive feedback mechanism and to entry into mitosis \[[@B14]\]. The repair of DNA damage or apoptosis occurs prevalently at checkpoint G1, while the integrity of the synthesized DNA is examined at G2, to ensure the fidelity of the replicated genome \[[@B15], [@B16]\]. The CDKs play an important role in the regulation of these checkpoints. For example, in response to various stress signals, TP53, a transcription factor, is activated and causes the transcriptional induction of CDKN1A and the cell cycle arrest at the G1 checkpoint \[[@B10]\]. The length of the individual phases of the cell cycle can vary depending on the cell type and the particular conditions. The activity of CDKs during the cell cycle is controlled at multiple levels including the association with CCN, activating transient expression and rapid degradation of CCNs, posttranslational modifications by kinases and phosphatases, interactions with CDKIs, and intracellular translocations \[[@B9]\].

3. Cell Cycle in Cancer {#sec3}
=======================

Oncogenic alterations of CCNs, CDKs, CDKIs, and other components of Rb pathway have been reported in more than 90% of human cancers \[[@B1], [@B2], [@B17]--[@B40]\] as summarized in [Table 1](#tab1){ref-type="table"}.

One of the most relevant alterations is represented by the p16 (CDKN2A)-CCNDs/CDK-Rb pathway frequently altered in various types of cancers \[[@B41]--[@B43]\]. In solid tumors, there is a correlation between genetic alterations within this pathway and clinical outcome in cancer patients \[[@B44]\]. Anomalies of CDKs and CCNDs are very frequent in the G1 phase. Several molecular mechanisms may be responsible for these alterations, including gene overexpression, chromosomal translocations, point mutations, insertions and deletions, missense and frame shift mutation, splicing, or methylation. CDKs are found overexpressed in several types of tumors, including sarcoma, colon carcinoma, and lymphoma \[[@B45]--[@B47]\]. CDK overexpression can be caused by gene amplification \[[@B48]\], chromosome translocation, or point mutations \[[@B49]\] that impair the kinase interaction with CDK inhibitors, as the case for CDK4 in some melanoma patients \[[@B50]\]. CDK activity can also be dysregulated by overexpression of the cyclin partner or inactivation of CDK inhibitors, both events being quite common in tumors \[[@B51], [@B52]\]. The lack of regulation of CDKs by its inappropriate activation is essential for maintaining the malignant transformation. Changes of *CCND1* gene expression have been reported in several neoplasias. In particular, *CCND1* gene is induced (transactivation) by various oncogenic signals including the activating mutation of ras genes, src, and mitogen-activated protein kinases (MAPK) \[[@B53], [@B54]\], as well as myc \[[@B55], [@B56]\]. Moreover, chromosomal aberrations involving CCND1 have been reported in B-lymphocytic malignancy and multiple myeloma \[[@B57], [@B58]\]. CCND1 overexpression played a role in the pathogenesis of mammary cancer in transgenic mice \[[@B59], [@B60]\] and lymphoma \[[@B61]\]. The dysregulation of CCNE is associated with hyperproliferation and malignant transformation \[[@B26]\]. Overexpression of CCNE1 has been linked to endometrial hyperplasia and/or carcinoma \[[@B25]\]. CCNE1 is overexpressed in many human tumors, in particular, breast cancer, and also nonsmall cell lung cancer, leukemia, and others \[[@B62]\]. CCNE has been found to be amplified, overexpressed, or both in some cases of breast and colon cancer and in acute lymphoblastic and myeloid leukaemia \[[@B63]--[@B65]\].

4. Clinical Implication of Cell Cycle Dysregulation {#sec4}
===================================================

4.1. Cell Cycle and Cancer Prognosis {#sec4.1}
------------------------------------

The cell cycle regulators, as CCNs and CDKIs, are involved in the mechanisms of tumor progression. CCND is associated with higher incidence of relapses in tumors of the head and neck \[[@B66]\] and in chemotherapy resistance \[[@B67]\]. Tumors that overexpress CCND1 generally have a poor prognosis \[[@B68]--[@B70]\]. Also overexpression of CCNE has been reported to be a poor prognostic factor in cancers of various organs \[[@B71]--[@B73]\]. Transgenic mice overexpressing human CCNE spontaneously developed mammary carcinoma \[[@B74]\]. CCNE overexpression correlates well with the aggressiveness of breast cancer \[[@B75]\], with gastric cancer progression \[[@B76]\], and is predictive of the risk of distant recurrence in the abdomen \[[@B77]\]. The inactivation of endogenous inhibitors of p16 or p21 family, due to their mutation/deletion or TP53-mediated changes, causes aberrant activity of CDK and inactivation of Rb. The loss of *CDKN2A, CDKN1B,* and*CDKN1A*is a predictor of poor prognosis in several types of cancer \[[@B78]--[@B83]\]. The loss of CDKN2A appears to be closely related to the functional inactivation of CDKN1B, and assessment of CDKN1A status may be useful for a precise prognostic prediction of individuals with HCC expressing high levels of CDKN1B \[[@B84]\]. Hypermethylation of *CDKN1A*promoter suppresses *CDKN2A* expression with a subsequent poor prognosis in patients with esophageal squamous cell carcinomas \[[@B85]\]. Loss of *CDKN1B* was associated with poor prognosis in patients with Dukes\' B tumor or those with proximal tumor \[[@B80]\] and in patients with pancreatic cancer \[[@B81]\]. Tenjo et al. \[[@B82]\] observed that altered *CDKN1B* expression was a predictor of poor prognosis for patients with stage III colorectal cancers. Codeletion of *CDKN2B/CDKN2A* genes is significantly related to the prognosis of NSCLC patients, whereby detecting codeletion of both genes might be used as a potential marker for NSCLC prognosis \[[@B83]\]. The *CDKN2A/CDKN2B*deletion correlates with a high risk of relapse or death in patients with ALL \[[@B86], [@B87]\]. Myelodysplastic syndromes patients with *CDKN2B* gene methylation at diagnosis or in subsequent studies had a significantly higher chance of disease progression to AML than those without the gene methylation \[[@B88]\]. The CDKN1B protein negatively regulates G1 progression by binding to G1 CCN/CDK complexes and inhibits their activity, resulting in inhibition of entry to the cell cycle. Reduced levels of CDKN1B occur in several cancer types and are generally associated with poor prognoses. For example, loss of *CDKN1B* has been revealed to be an independent prognostic factor in breast, colon, and gastric carcinomas \[[@B89], [@B90]\]. Gastric tumors with high CDKN1B were well differentiated, with low levels of invasion and lymph node metastasis. CDKN1B-negative cases demonstrated a poor prognosis \[[@B91]\]. Expression of *CDKN1B* is significantly decreased in renal cell carcinoma (RCC) as compared with normal kidney tissue. Loss of *CDKN1B* expression is a risk factor for disease recurrence and the strongest predictor of cancer-specific survival \[[@B92]\].

The expression of *CDKN1A* gene acts as an inhibitor of the cell cycle during G1 phase and is tightly controlled by the tumor suppressor protein TP53. Normal cells generally display a rather intense nuclear *CDKN1A* expression. Loss of *CDKN1A* expression has been associated with poor prognosis in several carcinomas \[[@B93]\].

Recently, it has been demonstrated that microRNAs (miRNAs), a class of small noncoding RNAs, control the regulators of cell cycle, modulating their gene expression. miR-24 directly targets CDKN1B and CDKN2A in keratinocytes and in different cancer-cell lines promoting their proliferation. It is involved in posttranscriptional regulation of CDKIs, and its upregulation may play a role in carcinogenesis \[[@B94]\]. Several studies showed that CDKN1A could be regulated at the translational level by miRNA such as miR-93, miR-20a/b, miR-17, and miR-106a/b \[[@B95], [@B96]\]. Wu et al. have demonstrated that CDNK1A can be directly targeted and modulated by multiple miRNA molecules \[[@B97]\].

4.2. Cell Cycle and Therapeutics {#sec4.2}
--------------------------------

Although chemotherapeutic drugs save many lives, they are very toxic, nonselective, and less effective than desired. In the last decade anticancer drug researches focused on new compounds, able to target molecules related to changes in genes associated with tumor status. Recently, the studies have focused on the restoration of cell cycle control modulating molecular targets involved in cancer-cell alterations. Several potential strategies have been proposed such as inhibition of CDKs, downregulation of cyclins, overexpression of endogenous CDKIs, disruption of the interactions CCN/CDK, altered proteolysis, degradation of CCNs, and specific inhibition of tyrosine kinase leading to activation of the cell cycle. In [Table 2](#tab2){ref-type="table"}, several compounds have been reported according to their molecular targets. The response of the tumors to modulators of cell cycle varies from simple cytostasis to cell death depending on the concentrations used and the downstream result of the cell cycle arrest. 7-Hydroxystaurosporine (UCN-01) has shown antitumor activity against several human cancer-cell lines. UCN-01 inhibits the cell cycle progression from the G1 to the S phase and is associated with inhibition of cyclin-dependent kinase (CDK) activity and induction of CDKN1A. The combination of UCN-01 and tamoxifen results in augmented cytotoxicity and may have a potential clinical application in the treatment of breast cancer \[[@B98]\]. Butyrolactone 1, inhibitor of CDKI, accelerates CCNB1 accumulation in G2/M of renal cells which shifted to G1 phase without cell division \[[@B99]\]. Indirubin-3′-oxime (I3M), an indigo alkaloid, was found to display potent antitumor activities on various types of cancer cells. I3M increased the level of CDKN1B and reduced the levels of CDK2 and CCNE in neuroblastoma cells, arresting the cells at G0/G1 phase \[[@B100]\]. Many indirubin derivatives have been studied for their potential antisolid tumor activity \[[@B101]\]. Despite years of research and attempts directed at inhibiting cell cycle kinases or cell cycle regulating transcription factors, most of these approaches have not been successfully translated to the clinic as cancer therapeutics \[[@B102]\].

However, the inhibition of CDKs is particularly attractive from the standpoint of cancer given their key role in the cell cycle. High throughput screening and drug design based on the structure have produced several new compounds that inhibit the activity of CDKs in very specific manner. Cyclin-dependent kinases (CDKs) control cell cycle progression, RNA transcription, and apoptosis, making them interesting targets for anticancer drug development. A promising pyrazolo\[1, 5-a\] pyrimidine compound, devoid of ABC transporter interaction, has been identified as a highly suitable drug for further preclinical and clinical evaluation in cancer treatment \[[@B103]\]. Tanshinone IIA (Tan-IIA) is one of the major lipophilic components isolated from the root of Salviae Miltiorrhizae radix. Chiu et al. \[[@B104]\] have explored the mechanisms of cell death induced by Tan-IIA treatment in prostate cancer cells in vitro and in vivo. The G0/G1 phase arrest correlated with increase of CDK inhibitors (CDKN2A, CDKN1A, and CDKN1B) and decrease of the checkpoint proteins \[[@B104]\]. The effects of euphol, a tetracyclic triterpene alcohol isolated from the sap of *Euphorbia tirucalli,* were examined in T47D human breast cancer cells. Treatment of the cells with euphol resulted in decreased cell viability, which was accompanied by an accumulation of cells in the G1 phase. Euphol treatment downregulated *CCND1* expression and the hypophosphorylation of Rb. Furthermore, this effect was correlated with the downregulation of *CDK2* expression and the upregulation of the CDKIs (CDKN1A and CDKN1B), as well as reduced expression levels of CCNA and CCNB1 \[[@B105]\]. Treatment options for hepatocellular carcinoma (HCC) using chemotherapeutics at intermediate and advanced stages of disease are limited as frequently HCC escape from therapy and patients succumb to disease progression. The effectiveness of the novel compounds BA-12 and BP-14 that antagonize CDK1/2/5/7 and CDK9 has been studied in HCC patients, since CDKs aberrant activation is frequently observed in such patients. Inhibition of those CDKs in human HCC cell lines reduced the clonogenicity, arresting the cells in S/G2 and G2/M boundaries and inducing their apoptosis. In vivo, in mouse xenograft, this treatment also inhibited tumor development \[[@B106]\]. On the contrary, dysregulation of CDKN1B, due to proteolysis, frequently results in tumorigenesis. Novel compounds that inhibited CDKN1B degradation have been identified. These compounds inhibit CDKN1B ubiquitination in vitro as well as its degradation in cell cultures \[[@B107]\]. A novel series of 2-substituted-6-biarylmethylamino-9-cyclopentylpurine derivatives has been synthesized and screened for improved CDK inhibitory activity and antiproliferative effects. One of the most potent compounds, 6b, exhibited strong cytotoxicity in the human melanoma cell line G361 that correlated with robust CDK1 and CDK2 inhibition and caspase activation \[[@B108]\]. Decorin, a component of extracellular matrix, has been involved in the inhibition of cell proliferation upregulating *CDKN1A*and reactivating *CDKN1C* expression in HepG2 tumor cells \[[@B109]\]. CDK inhibition may be particularly successful in hematologic malignancies, which are more sensitive to cell cycling inhibition and apoptosis induction. In general, the antitumor efficacy of CDK inhibitor as monotherapy is modest, and rational combinations are being explored, including those involving other targeted agents. While selective CDK4/6 inhibition might be effective against certain malignancies, broad-spectrum CDK inhibition will likely be required for most cancers \[[@B110]\]. A specific inhibitor of CDK4/6 has been developed recently. PD-0332991 proved to be effective in the treatment of breast cancer \[[@B111]\]. dFMGEN, a novel genistein derivative, is a candidate for cancer therapy, arresting the cell cycle at G1 phase with significant reduction of CDK4 and CCND1 protein levels. This reduction is caused by CDKN2B, CDKN1A, and CDKN1B level increase and the subsequent decrease of protein levels directly suppressed Rb phosphorylation and E2F1 activity \[[@B112]\]. Studies of drug combination showed that flavopiridol potentiated the cytotoxicity induced by the Raf inhibitor sorafenib. This potentiation correlated with enhanced apoptosis and suppression of Rb signaling \[[@B113]\]. Recently the research of new targets for cancer therapy focused on *long noncoding* RNAs (lncRNAs) that are involved in the regulation of critical regulators of cell cycle, as CDKs, CCNs, and CDKIs \[[@B114]\]. Human tumors generally exhibit altered expression of miRNAs with oncogenic or tumor-suppressive activity. miRNA-based cancer gene therapy offers the theoretical possibility of targeting gene networks that are controlled by a single, aberrantly expressed miRNA. In experimental models, the restoration of tumor-suppressive miRNA, or sequence-specific knockdown of oncogenic miRNAs by "antagomirs," has produced promising antitumor outcomes \[[@B115], [@B116]\].

All such data clearly show the relevance of such an approach for cancer treatment and the need to identify the appropriate combination with conventional anticancer therapy.

5. Nonsteroidal Anti-Inflammatory Drugs as Modulators of the Cell Cycle in Cancers {#sec5}
==================================================================================

Nonsteroidal anti-inflammatory drugs (NSAIDs) are primarily used as analgesics for the relief of pain and to control inflammation \[[@B117]\]. NSAIDs inhibit cyclooxygenase (COX) activity and the synthesis of prostaglandins, which are mediators of inflammation. Numerous epidemiological, clinical, and laboratory studies have also suggested that NSAIDs inhibit the promotion and proliferation of some tumors \[[@B118]--[@B120]\]. However, the antiproliferative activity of NSAIDs requires concentrations that are 100- to 1000-fold higher than the concentrations necessary to inhibit COX activity \[[@B121]\]. Induction of COX-2-independent apoptosis has been described in HT29 colon cancer cells. Apoptosis was induced in these cells by the inhibition of 3-phosphoinositidedependent kinase 1 (PDK1) \[[@B122]\]. Moreover, apoptosis and a cell cycle blockade were observed in HCT-15 colon carcinoma cells that expressed only COX-1 (and not COX-2) \[[@B123]\]. NO-aspirin-induced cell cycle arrest and apoptosis of pancreatic cancer cells have been shown to occur via ROS-mediated modulation of all three MAP kinase signaling pathways and their downstream effector molecules such as CDKN1A and CCND1 \[[@B124]\]. Celecoxib has been shown to inhibit cancer growth independently of COX-2 expression levels with a G0/G1 cell cycle arrest and decreased levels of CCNA and CCNB1 or CCND1 depending on tumor type \[[@B125], [@B126]\]. NSAIDs increased CDKN1B by inhibiting protein degradation to suppress the proliferation of human lung cancer cells \[[@B127]\]. Salicylates inhibit the proliferation through upregulation of the CDKN1B and CDKN1A. This was associated with a decrease in CDK2 and to a lesser extent in CDK6 activity, thus preventing hyperphosphorylation of Rb and cell cycle progression. Similar to salicylates, however, sulindac reduced the proliferation rate of HT-29 colon carcinoma cells and caused them to accumulate in the G0/G1 phase. This was associated with reduced expression and reduced catalytic activity of cyclin-dependent kinases (CDK1, CDK2, and CDK4) \[[@B128]\]. These data strongly suggest the need to use such molecules as complementary therapeutic drugs besides their relevant chemopreventive role.

5.1. Changes of the Cell Cycle Gene Expression Profile of Gastric Cancer Cells in Response to Ibuprofen: An Anticancer Model {#sec5.1}
----------------------------------------------------------------------------------------------------------------------------

The primary purpose of the studies performed in our laboratory was to verify the antitumor effects of ibuprofen, a commonly used NSAID, on the MKN-45 human gastric cancer-cell line \[[@B129]\], where an inhibitory effect of the ibuprofen on cell proliferation was observed. These results were in agreement with data obtained in vitro, using other tumor cell lines \[[@B130], [@B131]\], as well as in vivo on xenografts of MKN-45 cells \[[@B132]\]. Ibuprofen was used at concentrations ranging between 400 and 800 *μ*M, and the cell proliferation rate was significantly reduced in a time- and concentration-dependent manner. Previous studies showed that concentrations of ibuprofen comparable to those used in our studies targeted a wide variety of cellular processes \[[@B122], [@B133]--[@B135]\]. Moreover, they suggested the existence of other targets or COX-independent mechanisms that could be responsible for the antiproliferative effects of ibuprofen. Our data have shown that ibuprofen is involved in the cell cycle, arresting the cells in active replication at the G0/G1 phase. Ibuprofen treatment, in fact, caused MKN-45 cells to shift from the S and G2/M phases to the G0/G1 phase, resulting in a significant accumulation of cells at the resting phase, as previously reported on different cell lines \[[@B133], [@B136]--[@B138]\]. The cell cycle changes caused in MKN-45 cells by ibuprofen correlated with alterations in cell cycle regulatory genes. The subsequent microarray analysis revealed that ibuprofen treatment for 24 h affected genes belonging to "cell cycle" pathways ([Table 3](#tab3){ref-type="table"}). At 24 h, most of the altered genes were G1/S transition genes, such as *CDC25, CDKN1A*, and *TP53*. CDC25, one of the key regulators of cell cycle transition \[[@B139]\], with protooncogenic properties and carefully regulated at multiple levels \[[@B140], [@B141]\], is downregulated at all time points (since the 24 h testing) in presence of all ibuprofen concentrations, including the lower 400 *μ*M dose. *CDKN1A* gene, instead, is upregulated by more than 2-fold at 24 h, followed by downregulation at 72 h. Its upregulation, tightly controlled by TP53, is necessary to block cells in the G1 phase and allow the repair of damaged DNA before their entry into the subsequent S phase. For such role *CDKN1A* represents the key effector of p53-dependent G0/G1 phase arrest in response to different stress stimuli \[[@B142]\]. *TP53* levels show a similar significant upregulation for the whole ibuprofen treatment period and to all tested doses, with a late upregulation likely associated with activation of apoptotic-related genes. The upregulation of TP53 signaling pathways in the first 24 h following ibuprofen treatment has been also shown by a previous study \[[@B133]\]. *TP53* signaling was activated early (24 h) as a result of intracellular modifications, likely associated with oxidative stress, which would justify the ROS increase, we observed. In parallel to TP53 upregulation and cell cycle G0/G1 arrest, several S-related genes are downregulated, particularly those expressing proteins and enzymes involved in DNA replication. Regulation of S-phase-critical genes is, therefore, an important component of G1 progression to S. This coordinated regulation of S-phase genes is principally controlled by the E2F family of transcription factors \[[@B143]\]. Treatment with ibuprofen for 48 h at all concentrations downmodulated S-phase-critical genes, including E2F1 as well as the E2F1-regulated genes, and treatment for 72 h showed a marked modulation of apoptosis-related transcripts ([Table 3](#tab3){ref-type="table"}). Moreover, the TP53-dependent G0/G1 arrest was paralleled with an increase in the expression of the cell cycle inhibitory protein CDKN1A, whose induction is reported to be transcriptionally upregulated by a TP53-dependent mechanism. Also the *GADD45* gene was induced by activation of the TP53-dependent pathway and likely contributed to elicit growth arrest for an effective DNA repair, or alternatively to induce apoptosis. The ineffective repair of cell damage, in fact, prevalently triggered, in our model, an apoptotic program, characterized by upregulation of caspase transcripts in the latter stages of the ibuprofen treatment.

In conclusion, this study showed that the early alterations of cell cycle regulatory genes and the later induction of apoptosis are the major mechanisms that account for the antiproliferative effects of ibuprofen on the MKN-45 human gastric cancer-cell line. Treatment with ibuprofen altered the cell cycle phase distribution by inhibiting the G1/S transition. The G0/G1 arrest was associated with a decrease in the expression of cyclins and cyclin-dependent kinases and an increase of TP53 and CDKN1A, along with downregulation of transcripts encoding enzymes involved in DNA precursor synthesis and the DNA replication system. The prolonged ibuprofen treatment and the ineffective repair of damaged cells resulted in the late upregulation of caspase transcripts with the consequent activation of an apoptotic program.

Despite the high doses of ibuprofen required to elicit the apoptotic effects reported in our studies, the implicated molecular mechanisms suggest that NSAIDs, such as ibuprofen, may be of benefit in the treatment of cancers, particularly as local treatment.

6. Conclusions {#sec6}
==============

Several molecules and their pathways involved in the regulation of the cell cycle are currently considered as promising prognostic biomarkers and target for cancer treatment. This has been made possible by recent advances in molecular genomic and proteomic technologies. Characterization of the cell cycle pathways present in specific cancers will contribute to improving diagnosis and cancer staging, prognostic evaluation of cancer patients, and optimal combinational approaches for innovative, personalized treatment strategies.
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![The mammalian cell cycle. Cyclins and cyclin-dependent kinases are referred to their specific phase of the cell cycle. Following mitogenic signals that promote the cell entry in the G1 phase, the progression through the cell cycle is regulated by sequential activation of cyclins and cyclin-dependent kinases.](BMRI2014-361020.001){#fig1}

###### 

Alterations of regulators of cell cycle, cyclins, cyclin-dependent kinases, and cyclins-dependent kinases inhibitors, prevalent in human cancers.

  Regulators of cell cycle   Cycle phase or activity   Tumors
  -------------------------- ------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------
  CCND1                      G1                        Lymphoma (90%), breast (50%) and lung carcinoma (15%), sarcoma (30%), hepatocellular carcinoma (20%), urothelial carcinoma (14%), cervical carcinoma (24%)
  CCND2                      G1                        CLL, colorectal carcinoma, lung carcinoma (20%)
  CCND3                      Late G1, early S          Lymphoma (50%), retinoblastoma, urothelial carcinoma (11%)
  CCNE                       G1/S                      Gastric and colorectal carcinoma, breast carcinoma, pancreatic carcinoma, bladder carcinoma (50%)
  CCNB1                      G2/M                      Colorectal carcinoma, breast carcinoma, thyroid carcinoma (19%)
  CCNA                       S/G2                      Breast carcinoma, hepatocellular carcinoma
  CDK2                       G1/S                      Colorectal carcinoma
  CDK4                       G1/S                      Melanoma, colorectal carcinoma, breast carcinoma, oral squamous carcinoma (50%), cervical carcinoma (26%)
  CDK6                       G1/S                      Glioma, melanoma, oral squamous carcinoma (40%)
  CDKN2B                     Inhibition of CDK4/CDK6   ALL (35%), lung carcinoma (35%), melanoma, urothelial carcinoma (23%)
  CDKN2A                     Inhibition of CDK4/CDK6   Melanoma, glioma, breast carcinoma, nasopharyngeal carcinoma, urothelial carcinoma (23%)
  CDKN1A                     Inhibition of all CDKs    Melanoma, leukemia, colorectal carcinoma
  CDKN1B                     Inhibition of all CDKs    Melanoma, breast carcinoma, colon carcinoma

###### 

Cell cycle modulators and their molecular target optimal therapeutic inhibitors.

  Agent                Target
  -------------------- ------------------------
  Staurosporine        CDK1, CDK2, CDK4
  Flavopiridol         CDK1, CDK2, CDK4, CCND
  Butyrolactone        CDK1, CDK2
  Paullones            CDK1, CDK2, CDK5
  Indirubin            CDK1, CDK2, CDK4, CDK5
  Rapamycin            CCND, CCNA
  Olomoucine           CDK1, CDK2, CDK5
  Isopentenyladenine   CDK1, CDK2

###### 

Functional grouping of genes up- and downregulated after ibuprofen treatment.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Symbol\                                                        Access no.\    Fold change   Description\                                                                     
  \                                                              \                            \                                                                                
  -------------------------------------------------------------- -------------- ------------- -------------- -------- -------- -------- -------- --------- --------- --------- -----------------------------------------------------------------------------
  Cell cycle checkpoint                                                                                                                                                         

  G1/S DNA damage\                                                                                                                                                              
  checkpoint                                                                                                                                                                   

   CDC25A                                                        NM_001789      ---           ---            −2,090   ---      ---      ---      −2,408    ---       ---       Cell division cycle 25 homolog A\
                                                                                                                                                                               (*S. pombe*)

   CDC25B                                                        NM_021873      ---           ---            ---      ---      ---      ---      −2,980    −2,686    −2,415    Cell division cycle 25 homolog B\
                                                                                                                                                                               (*S. pombe*)

   CDC25C                                                        NM_001790      ---           ---            −2,155   −2,306   ---      −2,050   −3,588    ---       ---       Cell division cycle 25 homolog C\
                                                                                                                                                                               (*S. pombe*)

  p53-dependent G1/S DNA Damage checkpoint                                                                                                                                      

   TP53                                                          NM_000546      ---           2,447          2,503    ---      ---      ---      3,150     ---       3,650     Tumor protein p53

   CDKN1A                                                        NM_078467      ---           3,074          2,789    ---      ---      ---      ---       −2,254    −2,203    Cyclin-dependent kinase inhibitor 1A (p21, Cip1)

   GADD45A                                                       NM_001924      ---           ---            ---      ---      ---      ---      4,194     2,493     2,047     Growth arrest and DNA-damage-inducible, alpha

   GADD45B                                                       NM_015675      2,352         ---            2,191    2,864    2,792    2,899    4,016     5,479     5,200     Growth arrest and DNA-damage-inducible, beta

   GADD45G                                                       NM_006705      ---           2,208          2,661             2,379    4,796    5,081     14,121\   22,532    Growth arrest and DNA-damage-inducible, gamma

   TP53INP1                                                      NM_033285      2,033         3,475          5,494    3,071    ---      ---      ---       ---       ---       Tumor protein 53 inducible nuclear protein 1\

   TP53I3                                                        NM_004881      ---           ---            ---      ---      ---      2,214    ---       ---       2,406     Tumor protein p53 inducible protein 3\

   MDM2                                                          NM_002392      2,534         ---            2,868    3,019    4,111    3,165    ---       4,369     ---       Mdm2 p53 binding protein homolog (mouse)

  Cell cycle mitotic                                                                                                                                                            

  G1/S transition                                                                                                                                                               

   CCNE1                                                         NM_001238      ---           ---            ---      ---      −2,328   −2,652   −3,523    ---       ---       Cyclin E1\

   CDKN1A                                                        NM_078467      ---           3,074          2,789    ---      ---      ---      ---       −2,254    −2,203    Cyclin-dependent kinase inhibitor 1A (p21, Cip1)\

   CDKN1B                                                        NM_004064      ---           ---            ---      ---      ---      2,477    2,432     3,367     4,938     Cyclin-dependent kinase inhibitor 1B (p27, Kip1)

   CDC2                                                          NM_001786      ---           ---            −2,540   −3,260   −2,250   −3,940   −5,820    −2,730    −3,420    Cell division cell cycle 2

   RB1                                                           NM_000321      ---           ---            ---      ---      ---      ---      ---       2,872     2,473     Retinoblastoma 1

  DNA replication / E2F mediated regulation of DNA replication                                                                                                                  

   E2F1                                                          NM_005225      ---           ---            ---      −2,283   −3,073   −2,740   −7,552    −4,090    −3,215    E2F transcription factor 1

   CDT1                                                          NM_030928      ---           ---            ---      −2,571   −2,727   −2,332   −5,931    −3,269    −2,202    Chromatin licensing and DNA replication factor 1

   PCNA                                                          NM_002592      ---           ---            ---      −2,073   −2,320   −3,481   −3,900    −5,797    −8,575    Proliferating cell nuclear antigen

   DHFR                                                          NM_000791      ---           ---            ---      ---      −2,466   −2,157   −2,376    −4,963    −7,712    Dihydrofolate reductase

   TYMS                                                          NM_001071      ---           ---            ---      −2,088   −3,595   −4,872   −8,869    −9,976    −11,282   Thymidylate synthase

   POLA2                                                         NM_002689      ---           ---            ---      ---      ---      ---      −3,763    −4,911    −6,198    DNA polymerase alpha2

   POLA1                                                         NM_016937      ---           ---            ---      ---      ---      ---      −2,098    ---       −2,014    DNA polymerase alpha 1

   POLD2                                                         NM_006230      ---           ---            ---      ---      −2,794   −2,403   −2,611    −3,001    −2,114    DNA polymerase\
                                                                                                                                                                               delta 2

   POLD3                                                         NM_006591      ---           ---            −2,244   ---      −2,135   ---      −2,992    ---       ---       DNA polymerase\
                                                                                                                                                                               delta 3

   POLE2                                                         NM_002692      ---           ---            −2,033   −3,289   −6,780   −6,793   −8,488    −10,860   −11,678   DNA polymerase epsilon 2

   POLE4                                                         NM_019896      ---           ---            ---      ---      ---      −2,154   ---       −2,118    ---       DNA polymerase epsilon 4

   ORC1L                                                         NM_004153      ---           ---            ---      −2,914   −2,588   −2,538   −5,605    −2,337    ---       Origin recognition complex, subunit 1-like (yeast)

   RRM2                                                          NM_001034      ---           ---            ---      −2,467   −2,485   −4,266   −6,902    −4,767    −4,299    Ribonucleotide reductase M2 subunit

  Regulation of DNA replication                                                                                                                                                 

   ORC2L                                                         NM_006190      ---           ---            ---      ---      ---      ---      2,288     2,727     2,570     Origin recognition complex, subunit 2-like (yeast)

   ORC4L                                                         NM_002552      ---           ---            ---      ---      ---      3,216    2,171     ---       ---       Origin recognition complex, subunit 4-like (yeast)

   ORC5L                                                         NM_181747      ---           ---            ---      ---      ---      ---      2,209     2,902     2,765     Origin recognition complex, subunit 5-like (yeast)

   ORC6L                                                         NM_014321      ---           ---            ---      −2,348   ---      ---      ---       −2,415    ---       Origin recognition complex, subunit 6-like (yeast)

   MCM2                                                          NM_004526      ---           ---            ---      −2,664   −3,036   −2,943   −6,176    −4,620    −3,494    Minichromosome maintenance complex component 2

   MCM3                                                          NM_002388      ---           ---            ---      −2,105   −3,104   −3,458   −4,038    −3,948    −4,356    Minichromosome maintenance complex component 3

   MCM4                                                          NM_005914      ---           ---            ---      −2,267   −2,266   −2,464   −3,923    −5,040    −7,344    Minichromosome maintenance complex component 4

   MCM5                                                          NM_006739      ---           ---            ---      −2,360   −3,103   −3,392   −7,464    −4,613    −3,677    Minichromosome maintenance complex component 5

   MCM6                                                          NM_005915      ---           ---            ---      −2,320   −2,056   ---      ---       ---       ---       Minichromosome maintenance complex component 6

   MCM7                                                          NM_182776      ---           ---            −2,175   −2,563   ---      ---      −2,617    −2,024    −2,345    Minichromosome maintenance complex component 7

   TK1                                                           NM_003258      ---           ---            −2,384   −3,839   −5,606   −7,557   −24,478   −7,567    −5,991    Thymidine kinase 1, soluble

   FEN1                                                          NM_004111      ---           ---            −2,008   −2,268   ---      −2,110   −4,470    −3,294    −2,587    Flap structure-specific endonuclease 1

   LIG1                                                          NM_000234      ---           ---            ---      −2,626   −3,753   −3,867   −8,964    −6,958    −5,640    DNA Ligase 1

  Apoptosis                                                                                                                                                                     

   CASP3                                                         NM_004346      ---           ---            ---      ---      ---      2,097    ---       2,239     2,112     Caspase-3

   CASP7                                                         NM_033339      ---           ---            ---      ---      2,124    2,097    2,050     2,335     2,393     Caspase-7

   CASP8                                                         NM_033356      ---           ---            ---      ---      ---      ---      3,686     2,420     3,056     Caspase-8

   CASP9                                                         NM_001229      ---           ---            ---      ---      ---      ---      ---       2,221     2,257     Caspase-9

   CASP10                                                        NM_032977      ---           ---            ---      ---      ---      ---      ---       3,617     4,514     Caspase-10

   DFFA                                                          NM_213566      ---           ---            ---      ---      ---      ---      ---       ---       2,034     DNA fragmentation factor, 45kDa, alpha polypeptide

   DFFB                                                          NM_001004285   ---           ---            ---      ---      ---      ---      4,015     2,121     4,583     DNA fragmentation factor, 40 kD, beta polypeptide (caspase-activated DNase)
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

[^1]: Academic Editor: Maria Lina Tornesello
